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Devonian Reef Overview: Keg River Formation
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Zama Sub-basin Keg River Pinnacle Reefs
 Upto 400 ftin relief

* 40 acres (0.16 km?) at base

» Largely dolomitic

* Intergrain to microfracture porosity

« Encased in Muskeg anhydrite
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CO, EOR Case Study:

Zama Oll Field, Northwestern Alberta

§ EERC SS33399.CDR

 PCOR Partnership Demonstration in
cooperation with Apache Canada

» Acid gas (70% CO, + 30% H,S)
Injection since December 2006
— CO, EOR, CO, storage, and H,S
disposal
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Devonian Reef Overview: Winnipegosis Formation
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Sparse domal stromatoporoids, Chaetetes,
solitary rugosans, brachiopods, crinoids and
serpulids.
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ALGAE - PELOID SUBFACIES

Dolomitic limestone; packstone to
grainstone.

Abundant Lancicula, peloids, crinoids,
brachiopods and gastropods.

Sparse calcispheres, fecal pellets, bivalves,
ostracods, solitary rugosans, laminar and *
tabular stromatoporoids, Thamnopora and ST
bryozoans.
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Limestone; nodular wackestone,
packstone and mudstone

crinoids and burrows.

Sparse gastropods, ostracods, bryozoans,
corals and trilobites.

Ward

Adjacent to pinnacle reefs, may
include oncolites, cyanophytes,
peloids, Lancicula and abraded
stromatoporoids, Thamnopora and
Cladopora fragments.

Mountrail

Williston Basin Winnipegosis Pinnacle Reefs
 Upto 350 ftin relief

* 0.3 to 3 miles base diameter

« Largely dolomitic

« Intergrain to vuggy porosity

« Encased in Prairie evaporites
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Modeling Workflow

Well Log Correlation and

Characterization

Structural Framework
and Data Collection
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Structural Surface and Grid

Development

Seismic Data Other Structural Definition
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Petrophysical Property Modeling with

Conditioning to Facies

Porosity and permeability
from core analysis for all
Winnipegosis reef cores with
available data (modeling
porosity and permeability as
averages):




Static Storage Potential of

Various Sized Reefs

Static Storage Potential (assuming total formation fluid displacement):

CO: Static Storage Potential
Model Size Net Volume (ft3) Pore Volume (ft8) | Density J
(tons CO,)
(Ib/ft3)
0.3 Mile 392,902,594 42,054,576 38.15 802,191
1.5 Mile 16,226,536,038 1,617,963,868 38.15 30,862,661
3 Mile 68,358,862,682 6,802,061,062 38.15 129,749,315




Oil Saturation Modeling

Modeled from core residual oil saturations (likely an underestimation)

Qil saturation
Qil saturation \
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EOR Recoverable Oil Estimates

(Calculated from core residual oil saturations; OIP is likely underestimated.)

0.3-mile Pinnacle Reef

Shrinkage Total Recoverable Oil
HCPV (RB STOIIP (STB Recovery Factor
(RB) Factor ( ) y (STB)
54,573 1.2 45,478 5% 2274
54,573 1.2 45,478 10% 4548

1.5-mile Pinnacle Reef

Shrinkage Total Recoverable Oil
HCPV (RB STOIIP (STB R Fact
(RB) Factor ( ) ecovery Factor (STB)
2,692,104 1.2 2,243,420 5% 112,171
2,692,104 1.2 2,243,420 10% 224,342

3-mile Pinnacle Reef

Shrinkage Total Recoverable Oil
HCPV (RB STOIIP (STB Recovery Factor
(RB) Factor ( ) y (STB)
10,824,245 1.2 9,020,204 5% 451,010
10,824,245 1.2 9,020,204 10% 902,020

*** These numbers are representative of hypothetical, average Winnipegosis pinnacle reefs differing on the basis of size.



Dynamic Simulation for CO, Injectivity

AMEWRIE

« Multiple cases were run considering different optimization parameters to
achieve maximum injectivity.
— Number of wells (injectors vs. producers)
— Vertical vs. horizontal
— Duration of injection

3 mile: gas saturation (one injector + two producers)

Gas Saturation 2025-01-01

=% 10 years oy

Gas Saturation 2020-01-01

Grid Top (ft) 2015-01-01

Gas Saturation 2035-01-01

6.5
6,472 L_ coos
6,441
6,411

380

20 years =~




= . E Total CO, Efficiency (Total
Dyn a.m | C Sl m U l a.tl O n fO r COZ Model Size Con%lgjllation Injected, Injected CO,/Static
. o= i i (ton) Storage Potential), %
: one injector +
Injectivity Analysis 0.3 i one mecor + |4y 171 551
. one injector +
° Prellmlnary results (SeleCted): 0.3 mile Case 2 L2one producer = o= e
. . . ' horizontal ' '
— 0.3-mile simulations: 5 years perforation
— 1.5-mile simulations: 10 years
— 3-mile simulations: 20 years (except Case 5) P Case 1 | ONeiniector + [ oo 160
' one producer ' '
one injector +
- : : d
« More than 3 million tons of simulated L5mile | Case2 [ —Lom o 726,461 235
injectivity in the 3-mile reef model with four per_fO_rattion
. one Injector +
operating wells over a span of 30 years, - caces | WO producers| o _ -
bUt ' horizontal ’ '
o perforation
— Some economic consujeratlons: drilling 15 mile Case 4 m Igggghocr:r; 875 415 284
wells costs money, horizontal wells are
more expensive than vertical wells,
injecting over a longer time costs more 3 mile Casel | oneinjector | 340,682 0.26
money. 3 mile Case2 | Oneiniector+1 . a4 370 0.79
. ) o L one producer T :
— Injection efficiency: the most injected CO, one injector +
with the fewest wells in the shortest 3 mile Case 3 °Tﬁ)ﬁ;‘;‘i‘t‘;€r 1,516,140 117
amount of time. perforation
one injector +
3 mile Case 4 |MWOPrOdUCerS | o1 970 1.48
horizontal
perforation
: two inj. + two
3 mile Case 5 prod., 30 yr - 2.48




Discussion and Conclusion

« Geocellular modeling objectives:
— Characterizing the pinnacle reef structures

— Replicating the natural heterogeneity thought to be

present in the reservoir
— Increasing our knowledge of reef potential in the

applications of CO, EOR and storage

 Modeled reefs are a product of averages
— Variability is noted in pinnacle reef population
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Discussion and Conclusion

* The 0.3-mile-diameter model shows limited feasibility for
production or injection.

« Simulation cases with only one injector exhibit minimal
Injectivity.

* The 1.5-mile- and 3-mile-diameter model analyses show
more promising results

— CO, EOR recoverable reserves greater than 500,000
bbl possible

— Potential geologic storage in excess of 1 million tons of
CO..
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Discussion and Conclusion

» Geologic storage of CO, is becoming a more popular idea.

— Zama Field case study (NW Alberta) showing promising
results.

— “With over 700 pinnacle reef structures in the Zama
subbasin, a careful selection of eight to sixteen pinnacle
structures can provide a total storage capacity in excess
of 10 MMt over the project span ranging from 4.5 years to
20 years” (Saini and others, 2013).

» Geologic CO, storage will be utilized more in the future and
may prove to be an important tool for a “greener” and more
sustainable existence.
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Contact Information

Energy & Environmental Research Center
University of North Dakota

15 North 23rd Street, Stop 9018

Grand Forks, ND 58202-9018

World Wide Web: www.undeerc.org
Telephone No. (701) 777-5334
Fax No. (701) 777-5181

Nick Bosshart, Research Scientist
nbosshart@undeerc.org

A

E—

—_—

—
T b - Eirmtl Ko Crer®
Putting Research into Practice

Partnership



References

* Burke L. PCOR project Apache Zama F Pool acid gas EOR & CO2 storage. Report prepared
by RPS Energy Canada for the Energy & Environmental Research Center, 2009.

» Ehrets, J.R., and Kissling, D.L., 1987, Winnipegosis platform margin and pinnacle reef
reservoirs, northwestern North Dakota, in Fischer, D.W., ed., Fifth International
Williston Basin Symposium: North Dakota Geological Survey, Grand Forks, North

Dakota, p. 131.

« Jin, J., Bergman, K.M., 2001. Revised Stratigraphy of the Middle Devonian (Givetian)
Winnipegosis Carbonate-Prairie Evaporite Transition, Elk Point Group, Southern
Saskatchewan. Bulletin of Canadian Petroleum Geology, Vol.49, No.4, P.441-

457.

« Saini, D, Gorecki, C.D., Knudsen, D.J, Sorensen, J.A., Steadman, E.N., 2013, A
simulation study of simultaneous acid gas EOR and CO, storage at Apache’s
Zama F Pool: Elsevier, Energy Procedia, v.37, p. 3891-3900.

* Smith, S.A., Sorensen, J.A., Steadman, E.N., Harju, J.A., Jackson, B., Nimchuk, D.,
Burke, L., 2010. Plains CO, Reduction (PCOR) Partnership (Phase IlI) —-Zama
Field Validation Test Regional Technology Implementation Plan, U.S.
Department of Energy, National Energy Technology Laboratory, Morgantown,
West Virginia.

(1
7

Enry & Enviroamental Rsoarch Conter®
Putting Research into Practice



Acknowledgment

This material is based upon work supported by the U.S. Department of Energy
National Energy Technology Laboratory under Award Nos. DE-FE0009114 and DE-FC26-
O5NT42592.

Disclaimer

This presentation was prepared as an account of work sponsored by an agency of the
United States Government. Neither the United States Government, nor any agency thereof,
nor any of their employees, makes any warranty, express or implied, or assumes any legal

liability or responsibility for the accuracy, completeness, or usefulness of any information,
apparatus, product, or process disclosed or represents that its use would not infringe

privately owned rights. Reference herein to any specific commercial product, process, or

service by trade name, trademark, manufacturer, or otherwise does not necessarily
constitute or imply its endorsement, recommendation, or favoring by the United States
Government or any agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or any agency
thereof.




